Abstract
Introduction
Major liver resection may result in a small postoperative remnant liver, thereby increasing the risk of postoperative liver failure, especially in patients with parenchymal disease. 1 Posthepatectomy liver failure is the most frequent cause of mortality after liver resection. Although the causes of liver failure are multifactorial, insufficient postoperative remnant liver function is one of the main contributing factors.
Preoperative computed tomography (CT) volumetry, in which liver volume is used as an indirect measurement of liver function, is widely used to identify patients who should be excluded from a planned liver resection or to select patients who will benefit from preoperative portal vein embolization (PVE). [1] [2] [3] [4] [5] Future remnant liver (FRL) volume (FRL-V) is expressed as a percentage of total liver volume (%FRL-V), 3 or as standardized FRL (sFRL), in which FRL-V is calculated as percentage of total liver volume based on body surface area (BSA). 4, 6 sFRL recognizes patient characteristics (body weight/BSA) but has only been validated in patients with healthy livers. In patients with a normal liver parenchyma, an %FRL-V or sFRL larger than 25-30% of total preoperative liver volume is considered sufficient for a safe resection, 3, 4, [7] [8] [9] whereas in patients with a compromised liver (e.g., fibrosis, steatosis, or cholestasis), a %FRL-V or sFRL of more than 40% is preferred. 10 The separate cutoff values indicate the necessity to asses the quality of the liver parenchyma in order to perform an accurate and safe preoperative risk analysis using CT volumetry. Preoperative liver biopsy is currently the most reliable method to assess the quality of the liver parenchyma. Biopsies are not routinely performed due the potential unequal distribution of parenchymal damage 11 and the risk of complications. 12, 13 As a result, the quality of the liver parenchyma frequently remains unknown, rendering preoperative risk analysis by CT volumetry less reliable.
For accurate preoperative risk analysis, additional tests of liver function are required. Dynamic Tc-mebrofenin hepatobiliary scintigraphy (HBS) was developed as a quantitative method for evaluating total and regional liver function, including FRL function. 14, 15 The hepatic uptake of 99m Tc-mebrofenin is similar to the uptake of organic anions such as bilirubin. 16 After the hepatic uptake, 99m Tcmefrofenin is excreted into the bile canaliculi without undergoing biotransformation during its transport through the hepatocytes. Although 99m Tc-mebrofenin is not metabolized, the uptake and intracellular transit are similar to various endogenous and exogenous substances including bilirubin, hormones, drugs, and toxins. In a recent publication, we demonstrated that 99m Tc-mebrofenin HBS has potential to predict postoperative liver failure in a patient population including both minor and major liver resections. 17 The advantage of using 99m Tc-mebrofenin HBS is the fact that the same cutoff value can be used for both patients with a compromised or normal liver parenchyma, which makes the test applicable in patients with an uncertain quality of the liver parenchyma. However, it remains uncertain if 99m Tc-mebrofenin HBS is sufficiently accurate to predict liver failure in a population containing high-risk patients requiring major hepatic resection. This study compares preoperative FRL function assessed by HBS with FRL-V, expressed as %FRL-V and sFRL, in the prediction of postoperative liver failure after major liver resection in high-risk patients.
Patients and Methods

Patients
Between May 2000 and November 2006, 213 patients underwent a partial hepatectomy. Of all patients undergoing major liver resection (three or more Couinaud segments), both CT volumetry and HBS were preoperatively performed in 71 patients. Sixteen patients were excluded from the study because of preoperative PVE (n=15) or partial portal vein thrombosis (n=1) in the time period between HBS and CT volumetry. Hence, a group of 55 patients was retrospectively analyzed with the approval of our Institutional Review Board with waiver of informed consent. Table 1 summarizes the types of resection performed. Patients with a preoperative suspicion of hilar cholangiocarcinoma underwent an (extended) hemihepatectomy combined with hilar resection and caudate lobe resection. In cholestatic patients, preoperative biliary drainage was performed more than 6 weeks prior to surgery using endoscopic retrograde cholangiopancreatography or percutaneous transhepatic drainage.
Pre-and perioperative factors associated with postoperative morbidity and mortality were analyzed (Table 5) . Histopathology of the resection specimen was assessed by an experienced pathologist taking into account features of cholestasis, steatosis, fibrosis, and chronic inflammation.
Postoperative complications were recorded according to the modified classification of surgical complications proposed by Dindo et al. 18 In-hospital complications were recorded as well as complications requiring hospital readmission within 3 months related to the operation. Minor complications included grade 1 and grade 2 complications. Major complications were defined as grade 3 and severe compli- Tc-mebrofenin uptake rate was calculated as described by Ekman et al. 20 On preoperative HBS, regions of interest (ROIs) were drawn around the total liver, the heart (serving as blood pool), and the total field of view. From these ROIs, three time-activity curves were generated (Fig. 1) . Total hepatic 99m Tc-mebrofenin uptake rate, representing total liver function (TL-F), was calculated as percent per minute: (%/min) (of the injected dose) based on these three parameters. Calculations of hepatic 99m Tc-mebrofenin uptake rate were performed using measured values obtained between 150 and 350 s postinjection to ensure that hepatic uptake calculations were performed during a phase of homogenous distribution of the agent in the blood pool, before occurrence of the rapid phase of hepatic excretion. To compensate for differences in individual metabolic requirements, TL-F was divided by BSA and expressed as percent per minute per square meter: (%/min/m 2 ). For determination of FRL uptake, a ROI was drawn around the FRL by two independent investigators, blinded for the results, according to the performed resection, and interobserver variation was calculated. The round ligament was used as the border between segment three and four. Cantlie's line, projected on the liver surface as a plane between the middle of the gallbladder fossa (visible in the late phase of the scintigraphy) and the inferior caval vein, was used as a border between the right and left liver lobes. In addition, the anterior projection of the liver on the CT volumetry was used as a guideline for delineating the FRL on the HBS images (Fig. 1) . FRL uptake function (FRL-F) was calculated by dividing counts within the delineated FRL by the total liver counts and multiplying this factor with total liver 99m Tcmebrofenin uptake (TL-F) and expressed as percent per minute per square meter: (%/min/m 2 ). In 33 patients, a postoperative HBS was performed within 3 days after the operation to measure actual remnant liver function.
CT Volumetry
Contrast-enhanced CT scans were generated with a helical scanner (Philips, Eindhoven, The Netherlands). Manual 3D reconstructions of the liver were made using reconstructed 5-mm-thick axial slices from 2-3-mm original slices. The total liver as well as tumor(s) and the FRL were manually outlined using portal and hepatic veins as landmarks for segmental division. Integrated software (Mx-View 3.52, Philips Medical Systems) was used to calculate total liver volume (TL-V), tumor volume (TV), and FRL-V. All delineations were made by an experienced radiologist. FRL-V was expressed as percentage of TL-V using the formula:
The nontumorous total liver volume ( NT TL-V) was calculated by excluding the tumor volume from the TL-V.
Standardized FRL Measurements FRL-V was determined using CT volumetry, while total liver volume ( cal TL-V) was calculated using a formula based on BSA 
Preoperative Risk Assessment
Receiver operator characteristics (ROC) curve analysis was used to calculate the optimal cutoff value for FRL-F in predicting postoperative liver failure. Cutoff values were determined based on the following assumptions: Firstly, the chance that liver failure would develop while the test result was above the cutoff value needed to be as low as possible. Secondly, a test result below the cutoff value should accurately select high-risk patient who might benefit from PVE. Based on literature, cutoff values for %FRL-V and sFRL were set at 30% for patients with normal liver parenchyma 9 and 40% for patients with a compromised liver. 10 Positive predictive values (PPV), negative predictive values (NPV), as well as sensitivity and specificity were determined for each method.
Statistical Analysis
Statistical analysis was performed with GraphPad Prism (GraphPad Software, San Diego, CA, USA) and Statistical Package for Social Sciences (SPSS 12.02, Chicago, IL, USA). ROC curve analysis was used to identify a cutoff value for FRL-F in predicting postoperative liver failure. Univariate analysis of preoperative and intraoperative variables was performed by the independent t test for continuous parameters and by Pearson's 2 tests and Fisher's exact test for categorical data. Correlation between variables was tested using the Pearson correlation coefficient r. Continuous data were compared by independent sample t test and expressed as mean±standard deviation. All statistical tests were twotailed, and differences were considered significant at a P value of ≤0.05.
Results
Patient Characteristics
CT volumetry and 99m Tc-mebrofenin HBS were performed in 55 patients (male 26, female 29, mean age 59±13 years). Indications for liver resection are shown in Table 2 . Thirty patients were diagnosed with a compromised liver parenchyma based on the histopathological evaluation of the resection specimen by an experienced pathologist, including cirrhosis (n=2), severe fibrosis (n=3), steatosis (>30% of the hepatocytes affected; n=3), severe cholestasis (n=8), chronic inflammation (n=3), or a combination of these diseases (n=11).
Liver Function and Liver Volume TL-F was significantly lower in patients with parenchymal liver disease (7.4±1.4%/min/m 2 ) as compared to patients with healthy liver parenchyma (8.5±1.7%/min/m 2 , P=0.007). Tc-mebrofenin (a). A ROI is drawn around the entire liver (red line) and around the mediastinum (blood pool; yellow line). A third ROI is drawn around the future remnant liver (green line (Fig. 4) .
Postoperative Complications
In 42 of the 55 (76%) patients, one or more complications occurred following liver resection (Table 3) . Minor and major complications were evident in 14 patients (25%) and 13 patients (24%), respectively. Fifteen patients (27%) developed severe complications requiring ICU treatment, and the mortality rate was 15%. Patients with severe complications had significantly lower FRL-F as compared to patients with no complications (P=0.0043), minor complications (P= 0.0028), or major complications (P=0.0046) Nine patients (16%) developed postoperative liver failure, of which eight patients died. In four patients, liver failure was evident within 1 week after the operation. Five patients developed liver failure within several weeks after the operation in conjunction with signs of sepsis. Evidence of a compromised liver was seen in eight patients (89%), and in seven patients, an extended hemihepatectomy had been performed. The FRL-F was significantly lower in patients with postoperative liver failure (2.18% vs. 4.32%/min/m 2 , P=0.0001).
Preoperative and Intraoperative Parameters Associated with Liver Failure
Univariate analysis revealed that elderly patients (P=0.043), small %FRL-V (P=0.024), small sFRL (P=0.012), small FRL-F (P=0.001), resection type (P=0.001), prolonged operating time (P=0.0018), increased blood loss (P= 0.0018) during the operation, and the presence of a compromised liver parenchyma (P=0.024) were significantly associated with postoperative liver failure ( Table 4 ). Due to a small sample size in the liver failure group (n=9), no multivariate analysis was performed.
Preoperative Prediction of Postoperative Liver Failure
ROC analysis revealed that a cutoff value for FRL-F of 2.69%/min/m 2 was able to identify patients who developed postoperative liver failure with a sensitivity of 89% and a specificity of 87% (Fig. 5) . The risk of postoperative liver failure in patients with a FRL-F above 2.69%/min/m 2 was 2.4% (with a NPV of 97.6% and a likelihood ratio for a negative test result of 0.12). The PPV was 57.1% with a likelihood ratio for a positive test result of 6.8. Table 5 summarizes the sensitivity, specificity, PPV, NPV, and likelihood ratios of the different tests. For an accurate use of %FRL-V and sFRL, two cutoff values were used, and patients were divided in patients with a normal liver parenchyma and patients with a compromised liver parenchyma based on the histopathology of the resection specimen. Using 99m Tc-mebrofenin HBS, one cutoff value sufficed in both compromised and noncompromised patients. Assuming that, of all the patients, the quality of the liver parenchyma was preoperatively known, sensitivity, specificity, and positive and negative predictive values were still better for FRL-F compared to %FRL-V and sFRL (Table 5) .
Discussion
Accurate measurement of liver function before liver resection is crucial in the assessment of resectability, especially in patients requiring major liver resection. The availability of preoperative PVE to induce hypertrophy of the FRL has further increased the importance of preoperative assessment of regional hepatic function. 7, [21] [22] [23] [24] In the present study, dynamic planar 99m Tc-mebrofenin HBS was used to measure liver function. This technique can be implemented in every hospital with a nuclear medicine department, is easy to perform, and has a small interobserver variability. More importantly, preoperative estimated function of the future remnant liver (FRL-F) correlates strongly with actual postoperative liver function, 14 indicating that dynamic planar 99m Tc-mebrofenin HBS is an accurate method to assess FRL-F.
In this study, we compared FRL-F measured by 99m Tcmebrofenin HBS with two parameters based on CT volumetry, which are widely accepted parameters to determine the possible extent of resection. [1] [2] [3] [4] [5] Patients with a compromised liver had a significantly lower liver function compared to patients with normal liver parenchyma, whereas their liver volume was significantly larger. FRL-V showed a strong relation with FRL-F in patients with normal liver parenchyma. In contrast, FRL-V and FRL-F only moderately correlated in patients with compromised liver parenchyma in whom FRL-V was associated with reduced FRL-F. The impact of different parenchymal diseases such as steatosis, cholestasis, and fibrosis on liver function and liver volume is unknown and may vary among individuals. In addition, parenchymal damage is often not equally distributed, 11 which can partially explain the moderate correlation between FRL-V and FRL-F in patients with compromised livers. ROC curve analysis yielded an FRL-F cutoff of 2.69%/min/m 2 for the prediction of postoperative liver failure. This cutoff value is comparable to the cutoff value determined in a patient population including both minor and major resections. 17 A reliable preoperative test should primarily establish whether patients with a FRL-F above the critical threshold can be safely resected. One patient developed liver failure despite a FRL-F above 2.69%/min/m 2 ( Table 6 ). This cirrhotic patient developed massive necrosis after left hemihepatectomy, due to an obliterated right hepatic artery and a compromised portal venous system. When CT volumetry would have been used as selection criterion for operation, two patients developed liver failure despite a % FRL-V of more than 40% (Table 6 ). Standardized FRL wrongly predicted a safe resection in three patients (Table 6 ). Although the formula generally used to calculate TL-V based on BSA is used for all patients, it is derived from patients with normal liver parenchyma. In our study, patients with a compromised liver had significantly larger liver volumes resulting in a relatively larger FRL-V in relation to their BSA. As a consequence, there is an overestimation of liver function in these patients.
Secondly, a preoperative test should be accurate in selecting high-risk patients who might benefit from PVE, without treating patients unnecessarily. Despite having a FRL-F below the critical value of 2.69%/min/m 2 , 43% of these high-risk patients did not develop liver failure. In literature, a similar percentage was reported when using CT volumetry for the prediction of postoperative hepatic dysfunction. 8 Additional negative predictive factors, in- cluding high body mass index, significant intraoperative blood loss, and prolonged operating time, were described in patients with hepatic dysfunction, underlining the multifactorial cause of postoperative liver failure. In our study, univariate analysis revealed that, besides small FRL volume and function, increased intraoperative blood loss, prolonged operating time, a compromised liver parenchyma and older age were associated with liver failure. Unfortunately, a multivariate analysis was not possible in our study due to the small number of patients with postoperative liver failure. Cutoff values for the prediction of postoperative complications and hepatic dysfunction have been reported using CT volumetry, 3, 4, [7] [8] [9] indocyanine green clearance test, 25 galactose elimination capacity, 26 and 99m
Tc-GSA scintigraphy. [27] [28] [29] [30] These cutoff values were, however, mostly not based on accurate risk calculations and no or inappropriate multivariate analyses had been performed.
Morbidity and mortality rates reported in our study were high, which is explained by the patients selected for this study. We only included patients undergoing major liver resection of which the majority (55%) had parenchymal liver disease. A relatively high proportion (39%) of patients had undergone resection on the suspicion of hilar cholangiocarcinoma, including six patients who had developed postoperative liver failure. These patients require large resections and biliary anastomoses, with increased risk of postoperative morbidity and mortality, reported up to 10-20%. [31] [32] [33] The overall postoperative mortality in patients operated for benign lesions or liver metastasis in our institution is 2%. 34 In addition, none of the patients included in this study had undergone PVE. In some patients who developed postoperative liver failure, PVE would be indicated in retrospect; however, in these patients, the performed resection was larger than anticipated because of unexpected intraoperative findings. Patients included in this study may be different from patient populations in other clinical practices in which most patients have noncompromised livers. However, the fact that postoperative morbidity and mortality were considerable did add necessary power to the study in which risk assessment was the primary goal. Further research is, however, warranted for subgroup analysis of different patient populations.
The main advantage of HBS lies in the fact that liver function is measured, taking into account the presence of underlying parenchymal liver disease. Hence, one cutoff value for the prediction of liver failure suffices in all possible patients regardless of the quality of the liver parenchyma. In contrast, volumetric assessment of the FRL The marked values indicate a false negative result of the test requires two distinct cutoff values for patients with a compromised or noncompromised liver, assuming that the quality of the liver parenchyma is known. Especially in patients with uncertain quality of liver parenchyma, preoperative HBS is therefore of more value than %FRL-V or sFRL. The results of our study have led us to use HBS routinely, in addition to CT volumetry, in all patients considered for major liver resection. Preoperative PVE is performed when FRL-F is lower than 2.69%/min/m 2 or % FRL-V is less than 30%. Although around 40% of these patients will not develop liver failure, the risk of a potentially lethal complication outweighs the relatively low complication rate observed after PVE. 35 
Conclusion
HBS is a simple technique that can be implemented in every hospital with a nuclear medicine department. It is a valuable technique to estimate the risk of postoperative liver failure in high-risk patients undergoing major liver resection. Especially in patients with uncertain quality of the liver parenchyma, Tc-mebrofenin HBS is of more value than CT volumetry since only one cutoff value can be used in both normal and compromised livers. Therefore, additional HBS can improve risk assessment in patients requiring extensive liver resection.
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